Posttranslational modifications of histones regulate chromatin structure and gene expression. Histone demethylases, members of a newly emerging transcription-factor family, remove methyl groups from the lysine residues of the histone tails and thereby regulate the transcriptional activity of target genes. JmjC-domaincontaining proteins have been predicted to be demethylases. For example, the JmjC-containing protein JMJD2A has been characterized as a H3-K9me3-and H3-K36me3-specific demethylase. Here, structures of the catalytic-core domain of JMJD2A with and without a-ketoglutarate in the presence of Fe 2+ have been determined by X-ray crystallography. The structure of the core domain, consisting of the JmjN domain, the JmjC domain, the C-terminal domain, and a zinc-finger motif, revealed the unique elements that form a potential substrate binding pocket. Sited-directed mutagenesis in conjunction with demethylase activity assays allowed us to propose a molecular model for substrate selection by the JMJD2 histone demethylase family.
INTRODUCTION
Covalent modifications of histone tails, essential regulators of the activity of genes in eukaryotic cells, remodel the chromatin structure via a variety of enzymatic reactions. The reversible processes of acetylation and deacetylation, centrally involved in transcriptional regulation, are well characterized (Kouzarides, 2000; Strahl and Allis, 2000) . However, whether methylation and demethylation reversibly contribute to gene regulation remains controversial (Ahmad and Henikoff, 2002; Allis et al., 1980; Briggs et al., 2001; Johnson et al., 2004; Wysocka et al., 2005) . Recent studies have shown that methylation and demethylation are universally used to posttranslationally modify histones for the regulation of gene activity. For example, LSD1, a nuclear amine oxidase homolog, functions as a histone lysine demethylase (Shi et al., 2004) . Recombinant LSD1 is highly specific for histone H3 monoand dimethylated at lysine 4 (H3-K4me and H3-K4me2), yet other known major methylation sites of H3 and H4 histones do not serve as substrates for this protein (Shi et al., 2004) . Furthermore, it was proposed that members of the JmjC (jumonji domain C) domain-containing protein family (Balciunas and Ronne, 2000) , including the fissionyeast protein Epe1, are candidate demethylases (Trewick et al., 2005) . This assumption was first confirmed by Zhang and colleagues , who discovered that jumonji-domain-containing histone demethylase 1 (JHDM1) and homologous JmjC-containing proteins are H3-K36 demethylases that specifically act on dimethyl lysine residues (H3-K36me2) . In that study, the JmjC domain was shown to be essential for the demethylase activity . We have recently demonstrated that JmjC-containing JMJD2A and its family members can also act as histone demethylases (Whetstine et al., 2006) . Importantly, JMJD2A represents the first lysine trimethyl-specific demethylase that specifically demethylates trimethyl H3-K9 (H3-K9me3) and trimethyl H3-K36 (H3-K36me3), whereas other members of this family are specific for one of these two substrates (Whetstine et al., 2006) . We predict that more JmjC-containing proteins that possess demethylase activities specific for histones or even DNA and/or RNA will soon be identified.
Sequence alignment and modeling suggest that JmjC domains are highly similar to members of the cupin superfamily (Clissold and Ponting, 2001) , which are often metalloenzymes (Dunwell et al., 2000; Gane et al., 1998) . It was further suggested that JmjC domains may be responsible for the enzymatic activity of Fe 2+ -and a-ketoglutarate (a-KG)-dependent oxygenases (Cikala et al., 2004 , Trewick et al., 2005 . Moreover, it has been shown that the JMJD2 family and JHDM1 are Fe 2+ -and a-KG-dependent histone demethylases Whetstine et al., 2006) . The JmjC-domain-containing proteins comprise a new subfamily of the large oxygenase family. The 3D structure of a member of this subfamily that demethylates histones, however, has not been determined. Sequence alignments suggest that this subfamily is similar to the HIF (hypoxiainduced factor) inhibiting factor FIH (Cikala et al., 2004 , Trewick et al., 2005 . Both the catalytic process and regulation of demethylation, however, are complicated. Furthermore, while the sequence similarity between FIH and demethylases is mostly found within the JmjC domain, the other, more diverse domains are essential for the activities of these enzymes. A high-resolution structure of a member of this subfamily should provide invaluable information regarding the structure-function relationship of these proteins. To this end, we have solved the crystal structures of the catalytic-core domain of JMJD2A with and without a-KG in the presence of Fe 2+ . Furthermore, we have identified potential binding sites for substrate peptides and methyl groups through mutagenesis analysis.
RESULTS AND DISCUSSION
The Structure of the JMJD2A Catalytic Core Defines a Novel Subfamily of Oxygenases The catalytic-core region (residues 1 to 350) of JMJD2A (referred to hereafter as c-JMJD2A) was identified through sequence alignment combined with secondary-structure prediction (Bryson et al., 2005) . c-JMJD2A was confirmed to be active in the histone demethylase assays (Whetstine et al., 2006) . The structure of c-JMJD2A was determined by the multiwavelength anomalous dispersion method using selenomethionines as the scattering factors and the SOLVE program (Terwilliger and Berendzen, 1999 ) (see Table S1 in the Supplemental Data available with this article online). The electron density map was improved by solvent flattening. The structure has been refined to an R factor of 24.5% (R free = 28.5%) against data extending to a 2.35 Å resolution in space group P2 1 2 1 2, with two copies of the core in the asymmetric unit (unit cell = 138 3 148 3 57 Å ). The current model of the core contains residues 2 to 350 for molecule A and residues 10 to 348 for molecule B, and all of the side chains are well defined ( Figure 1A ). The structure of the core with a-KG was determined by the difference Fourier method; crystals of the complex were prepared by soaking native crystals of the core in 1 mM a-KG and 1 mM Fe
2+
. The complex structure with a-KG was refined to 2.28 Å resolution (Table S1 and Figure 1B) . As shown in Figure 1 and Figure 2 , the structure of the catalytic core consists of several individual domains and structural motifs: the N-terminal JmjN domain (residues 14 to 56, green); the JmjC domain (residues 171 to 293, light blue); a long b hairpin motif composed of b3 and b4 (residues 65 to 94, red); a motif composed of a mix of helices and b strands (residues 95 to 171 between the JmjN and JmjC domains, gray); and finally, the C-terminal domain, which contains several short helices and one loop (residues 294 to 350, pink). Interestingly, one cysteine residue and one histidine residue from the JmjC domain and two cysteine residues from the C-terminal domain form an unexpected zinc-finger motif (Figure 1 and Figure 2 ). Together, these structural features distinguish the structure of this catalytic core from all known structures of the iron-and a-KG-dependent oxygenases (Hausinger, 2004) .
In the native structure, the iron atom was chelated by three absolutely conserved residues: His188, Glu190, and His276 ( Figure 1 and Figure 2 ). Two water molecules were also involved in the pairing (data not shown). In the presence of a-KG, the two water molecules were replaced by two oxygen atoms from a-KG. The eight conserved b strands (b7 to b10 and b12 to b15) within the JmjC domain formed the typical jellyroll-like structure (Figure 1 ), a hallmark of the cupin fold, which has been widely observed in metalloenzymes (Dunwell et al., 2000; Gane Potential specificity-determining residues are marked by red dots. Protein sequences are derived from human JMJD2A (KIAA0677), JMJD2B (KIAA0876), JMJD2C (KIAA0780), JMJD2D (FLJ10251), JMJD2E (AP002383.3), and JMJD2F (AP001264.4). This figure was made by the program ALSCRIPT (Barton, 1993) . (B) The schematic presentation of JMJD2A. The fragment of residues 1 to 350 is determined as the catalytic core of JMJD2A and used for structural and functional characterization. et al., 1998) . These features reinforce the idea that the catalytic core of JMJD2A is a member of the large oxygenase family of proteins.
Comparison between the JMJD2A Core and FIH As was predicted from sequence-alignment analysis, the JmjC domain shows high similarity to FIH (Cikala et al., 2004; Trewick et al., 2005) , a well-characterized asparaginyl hydroxylase (Lancaster et al., 2004) . Additionally, the Dali program suggested that c-JMJD2A is a close relative of FIH (Holm and Sander, 1996) . Superposition of the two structures, however, revealed apparent differences ( Figure 3) . Except for the jellyroll region and a few secondary-structure elements between residues 95 and 180, there were no significantly similar regions found in the two structures. This result suggests that FIH and c-JMJD2A belong to different subfamilies within the large oxygenase family.
There were two copies of c-JMJD2A within an asymmetric unit. This raises the possibility that, like FIH, JMJD2A functions as a dimer. Detailed inspection of the potential c-JMJD2A dimers in the crystal packing, however, did not yield any promising dimer pairs (data not shown). Nevertheless, the JmjN domain, as we will describe later, could be a potential protein-protein interaction domain.
The JmjN Domain
The JmjN domain was first characterized at the same time as JmjC (Balciunas and Ronne, 2000) . Although this domain, which typically contains approximately 40 amino acid residues, is usually found just before the JmjC domain, the expansion of the JmjC-domain-containing family has identified family members that lack the JmjN domain. Furthermore, some proteins contain a JmjN domain that is not directly adjacent to the JmjC domain (Clissold and Ponting, 2001; Jung et al., 2005) . In the structure of c-JMJD2A, the JmjN domain comprises three helices positioned between two b strands ( Figure 4A ). The two shorter helices (less than one and a half turns; one is the 3.10 helix, H1, Figure 4A ) flank the longer helix, which is partially enveloped by the two b strands ( Figure 4A ). The JmjN domain associates with the main structure of c-JMJD2A, forming an extensive interaction interface (data not shown). The two parallel b strands integrate into the main core of JmjC through an antiparallel association between b2 and b13 ( Figure 1 ). The interactions involve the formation of hydrogen bonds and hydrophobic contacts. Based on the extensive interactions between the two b strands and the three a helices, the JmjN domain alone should be stable in solution.
The JmjN domain is located opposite to the catalytic center of c-JMJD2A (Figure 1 ). This raises the question of whether the JmjN domain plays a part in the activity of the enzyme. Based on available data, most JmjC-containing proteins possess other protein-protein or protein-DNA interaction domains, such as plant homeodomain (PHD), zinc-finger, Tudor, leucine-rich repeat, ARID, and AThook domains (Clissold and Ponting, 2001 ). Due to a lack of a significantly positively charged surface, the JmjN domain seems unlikely to be a DNA or RNA binding domain. The Dali program suggested that the JmjN domain is highly similar to the dimerization domain of the pyrimidine nucleotide biosynthetic regulator PyrR (Tomchick et al., 1998) with a Z score of 3.0 and a rmsd of 2.9 Å . However, we did not observe any JmjN-JmjN interactions in the crystals. Furthermore, c-JMJD2A exists only as a monomer in solution. One possibility is that the JmjN domain may act as adaptor to recruit other proteins. Alternatively, the JmjN domain may be a regulator of the activity of the catalytic core of JmjC; the binding of the JmjN domain to the JmjC domain would cause a conformational change in the catalytic core, thereby activating the enzyme. A deletion mutation (residues 1 to 55) within c-JMJD2A completely eliminated the demethylase activity of the enzyme (data not shown). However, due to poor behavior of the truncated c-JMJD2A protein, it is not clear whether the loss of activity was caused by the JmjN domain or the unstable structure of the catalytic core when the JmjN domain was removed. The rotation and translation matrix of the superposition was derived from Dali. The structure of c-JMJD2A is colored green, whereas the FIH structure (PDB ID code 1MZF) is colored yellow. Figure 3 and Figure 4 were made with the RIBBON program (Carson, 1987) .
The C-Terminal Domain
The C-terminal domain immediately follows the JmjC domain (residues 294 to 350). Secondary-structure prediction showed that this domain is a helix-rich domain. This is also true for JHDM1, the first member of the JmjCdomain-containing proteins to be characterized as a histone demethylase, and several other uncharacterized JmjC-domain-containing proteins, such as Ptdsr, RBP2, Hairless, and Jumonji (Clissold and Ponting, 2001 ). Examination of the structure of the C-terminal domain revealed a mix of coils and a helices ( Figure 4B ). Although the Cterminal domain, like the JmjN domain, interacts with the JmjC domain, these interactions are not as pronounced as those between JmjN and JmjC. Nevertheless, the two cysteine residues at the tip of the loop ensure that this domain is permanently associated with the JmjC domain through the coordination of a zinc ion (Figure 1 and Figures  4C and 4D ). The C-terminal domain is located next to the catalytic center and is believed to participate in the formation of the potential substrate binding site described below. Despite the low primary-sequence similarity, secondary-structure similarity suggests that other family members may contain a similar domain. The Dali program, however, revealed no other domain that is similar to this C-terminal domain. Therefore, we believe the structure of the C-terminal domain represents a novel protein fold.
The Zinc-Finger Motif
The zinc-finger motif was the most unexpected motif within c-JMJD2A, as it had not been reported or predicted previously. Furthermore, the structure of the zinc finger is unique among the reported zinc-finger structures. Two individual domains act together in the formation of this zinc finger. As mentioned above, the C-terminal domain of c-JMJD2A contributes two cysteine residues (Cys306 and Cys308), whereas the JmjC domain provides one histidine residue (His240) and one cysteine residue (Cys234) (Figure 1, Figure 2 , and Figures 4C and 4D ). This zinc finger not only brings the C-terminal domain into a tight association with the JmjC domain but also is part of the structure (residues 214 to 253) that inserts between b10 and b12 to firmly adhere this region to the main core of the JmjC domain. This arrangement leads to the formation of a rigid conformation around the catalytic center, which may be functionally or structurally required for substrate binding. To look for similar structures in the literature, the entire zinc-finger motif, including the C-terminal domain and the insertion domain within the JmjC domain, was used in the Dali program. This search, however, did not yield any positive results. Moreover, although the zinc-finger motif is conserved within the JMJD2 subfamily, comparisons to other subfamilies provided no conclusive answers. A double mutant in which the two cysteine residues were changed to serine residues (Cys306 to Ser306 and Cys308 to Ser308) was generated. The mutated protein is unstable in solution and aggregates during purification. We believe that without the zinc association, the C-terminal domain dissociates from the JmjC domain, thereby causing aggregation of the protein.
The JmjC Domain
As predicted, the JmjC domain was structurally conserved. Each of the two layered b sheets contains four antiparallel b strands that produce the typical jellyroll-like structure ( Figure 5 ). The native structure of c-JMJD2A contains an Fe 2+ ion in the conserved catalytic core that should be derived from the cell medium. In the structure of the complex of c-JMJD2A with a-KG, a-KG associated with the Fe 2+ ion through the C-1 carboxylate and C-2 ketone groups. a-KG is further stabilized by three hydrogen bonds formed between a-KG and the side chains of Tyr132, Asn198, and Lys206 ( Figure 5 ).
Comparison of the eight b strands within the JmjC domain of c-JMJD2A with FIH shows a high degree of similarity (Figure 3) . When the variable regions of the proteins are included, however, the differences between the structures become obvious. Sequence alignment of JmjC-containing proteins shows that the least conserved region can be found between b10 and b12. Additionally, some members have been shown to carry insertions between b9 and b10 (Clissold and Ponting, 2001) . In agreement with these results, the region between b10 and b12 was found to be the least conserved between the JmjC domains of JMJD2A and FIH. This region of c-JMJD2A contains four short helices and one b strand, whereas there is only one short helix with all left coils or loops in this region of FIH (Figure 2 and Figure 3) . Furthermore, in c-JMJD2A, Cys234 and His240 contribute to half of the zinc-finger motif ( Figures 4C and 4D) . It is likely that this motif is involved in the binding of substrates.
With the available structure of the JmjC domain of JMJD2A, several issues can be raised. The JmjC domain was originally defined by aligning the sequences of a limited number of the family members, which had little or no variation within the variable insertion regions, i.e., between b9 and b10 and between b10 and b12 (Balciunas and Ronne, 2000) . The JmjC domains of these proteins are similar not only in their primary sequence but also in their secondary and tertiary structures. The number of known JmjC-domain-containing proteins has increased dramatically in the past few years to more than 100 members (Clissold and Ponting, 2001, Trewick et al., 2005) . Therefore, variation within the insertion regions may be a major factor for the substrate specificity. The most intriguing aspect of the structure of c-JMJD2A is the zinc-finger motif formed by the variable region between b10 and b12 and the C-terminal domain. Because the JmjC domain is not an independent structural domain in members of the JMJD2 subfamily, this structural feature implies that the original definition of the JmjC domain may not be accurate enough to include all of the family members. Furthermore, another residue (Tyr132) that is located outside of the JmjC domain is involved in the binding of a-KG.
Another question raised is that of how we should categorize the members of the JmjC-domain-containing family. For example, should FIH and the DNA/RNA demethylase AlkB family (Aravind and Koonin, 2001 ) be considered as JmjC-containing proteins? Assuming that FIH and AlkB are also members of the JmjC family, it is fairly obvious that the JmjC domain alone could not carry out a catalytic process ( Figure 5 ) and that additional domains are required to catalyze the reactions. For JMJD2A and its family members, two regions within the N terminus (the b hairpin and the mixed motif of b strands and helices) and the Cterminal domain appear to be required for the function of the catalytic center.
The Potential Substrate Binding Site and Binding Mechanism
Fe 2+ -and a-KG-dependent oxygenases (or hydroxylases)
belong to a subfamily of the large oxygenase family, members of which catalyze a wide variety of reactions that includes protein side-chain modification, demethylation of alkylated DNA and RNA, biosynthesis of antibiotics and plant products, lipid metabolism, biodegradation of a variety of compounds, and histone demethylation (Hausinger, 2004; Tsukada et al., 2006; Whetstine et al., 2006) . The hydroxylation of the substrates is coupled to the oxidative decomposition of a-KG, which results in CO 2 ; succinate; and, in the case of demethylation, formaldehyde (Hausinger, 2004; Tsukada et al., 2006; Whetstine et al., 2006) . More than ten structures of this large oxygenase family have been determined (Hausinger, 2004) . All of the structures contain a jellyroll structural fold composed of eight b strands that form two four-stranded sides. Surrounding this protein core, and likely contributing to its stability and substrate specificity, are additional a helices, b strands, and protein loops (Hausinger, 2004) . The active centers of this family consist of a highly conserved His-X-ASP/ GLU-X n -His signature motif that supplies three chelating positions for the Fe 2+ ion; two additional chelating positions are contributed by the C-1 carboxylate and C-2 ketone groups of a-KG. In addition to the interactions with the metal ion, a-KG is further stabilized by the association of its C-5 carboxylate group with the side chain of an arginine or lysine residue (Hausinger, 2004) . In the case of JMJD2A, there are three hydrogen bonds formed between a-KG and the side chains of Tyr132, Asn198, and Lys206. Although these structures have generated an enormous amount of information about the structure and functions of this family, there is a great deal of structural diversity among the subfamilies. Each individual structure of a subfamily contains unique features that are responsible for the corresponding reactions, substrate specificity, and/or functional regulation of the proteins. This structure of the catalytic core of a histone demethylase provides insights into mechanisms by which enzymes of this class mediate histone demethylation. As described above, the unique features of this structure compared to other Fe 2+ -and a-KG-dependent oxygenases are significant enough to place this protein in a new oxygenase subfamily. Although the catalytic center has been defined by the Fe 2+ and a-KG binding sites, the position at which the methylated histone peptide (or peptides) binds remains to be determined. In the structure of c-JMJD2A, there are four domains or structural motifs surrounding the catalytic center: a long b hairpin, a mixed structural motif from residues 95 to 171, a C-terminal domain, and the diverse domain within the JmjC domain ( Figure 1 and Figure 6 ). These four elements create a pocket around the catalytic center. It is unlikely that a methylated histone peptide with either a b strand or a straight-coil structure would bind to the catalytic center in its current conformation because the catalytic center is far from the surface of the protein. There are two possible mechanisms that would allow the methylated lysine to access the catalytic center. First, the peptide could bend to form a b hairpin-like structure or a turn loop, thereby allowing the methylated lysine residue access to the a-KG molecule. If this is the case, several particular residues, such as proline and glycine residues, are required around the tip of the turn within the peptide. Interestingly, we were able to find these structural features in the sequences of highly methylated peptides. Moreover, the pocket is large enough to accommodate a b hairpin. The second possibility is that a conformational change occurs within the structure, causing some parts of the protein to be moved out of the site so that a more accessible surface is exposed. In this regard, the four structural elements that surround the catalytic center are the logical candidates. The C-terminal domain and the variable insertion domain within the JmjC domain, however, are locked by the zinc-finger arrangement. Furthermore, other plausible arrangements of residues 94 to 171 in the mixed domain do not appear to be able to create the space which would allow a peptide to fit into the catalytic center. The only portion of the catalytic core that could generate the significant space for the peptide is the long b-hairpin. Although the b-hairpin is bound to the JmjC domain, this association involves only a few hydrogen bonds. The energy required to move this motif could be provided by a new association between the peptide and the JmjC domain or by the energy released in the resulting enzymatic process. The preferred binding format in the complex has yet to be determined. Due to the substantial structural differences between FIH and c-JMJD2A, especially around the potential substrate binding region, efforts to obtain accurate information on JMJD2A substrate binding using the structure of the complex of FIH have failed (Elkins et al., 2003) . Moreover, a comparison of the structure of c-JMJD2A with the complex structure of DIM-5 (a histone H3-K9 trimethyltransferase) with its cognate peptide did not reveal similar structural features such as a ''channel'' (Zhang et al., 2003) . Several critical structural features observed near the catalytic core of c-JMJD2A, however, are noteworthy. First, the short coil regions just after b5 (residues 133 to 138, Figure 6A , in blue) and b6 (residues 165 to 170, Figure 6A , in red) of c-JMJD2A are capped at both ends by glycine residues (Figure 2 and Figure 6A ), suggesting that these extended elements can undergo conformational changes upon binding of a substrate. For example, a methylated histone peptide could pair with b6 and make contacts with the coil region that follows b5, forming a loop in which the methylated lysine residue is positioned at the turning point ( Figure 6A ). To test whether these two elements of c-JMJD2A are involved in substrate binding, residues Gly133 and Gly138 of the coil region that follows b5 and residues Gly165 and Gly170 of b6 were substituted with Ala residues. As revealed by demethylase activity assays, mutation of either pair of Gly residues resulted in a loss of the demethylase activity ( Figures 7A-7D) . Thus, based on these data, we propose a model of substrate recognition by c-JMJD2A ( Figure 6A , in green) in which the histone peptide in a bent conformation interacts with the coil region and b6 and the methylated lysine residue of the peptide is positioned at the apex of the curved region ( Figure 6A) . Interestingly, the structure of the FIH complex indicates a similar binding mode, which involves an extended coil structure at site 1, a bent loop structure between site 1 and site 2, and a short helix at site 2, though there is no equivalent of b6 within FIH (Elkins et al., 2003) . Therefore, these binding regions could determine peptide specificity. Although we favor the first of the two potential binding mechanisms proposed above, a complex structure of c-JMJD2A and its cognate substrate peptide (or peptides) is required to verify this model.
Structural Features that Contribute the Enzymatic Specificity for Different Methyl Groups
The JMJD2 gene family, which was first identified in silico by Katoh, contains at least six members (Katoh and Katoh, 2004) . These proteins can be further classified into two groups: the long group, which includes JMJD2A, JMJD2B, and JMJD2C, and the short group, consisting of JMJD2D, JMJD2E, and JMJD2F. The short proteins contain JmjN and JmjC domains only, whereas the long versions contain two PHD domains and two Tudor domains in addition to a JmjN and a JmjC domain (Katoh and Katoh, 2004) . The structure of the Tudor domains of JMJD2A has been reported recently (Huang et al., 2006) . It was shown that JMJD2A can associate with both class I histone deacetylases and the retinoblastoma protein (pRb), thereby potentiating pRb-mediated repression of E2F-regulated promoters (Gray et al., 2005) . This indicates that JMJD2A may play an important role in cell proliferation and oncogenesis (Gray et al., 2005) . On the other hand, JMJD2C has been found to be upregulated in squamous cell carcinomas (Yang et al., 2000) . The discovery of the histone demethylase activity of these proteins should help in the functional characterization of this family. Now that we have described the first JmjC-containing histone demethylase core structure, it is tempting to predict the structures of other members of this subfamily. Sequence alignment of the six members the JMJD2 family shows a high degree of similarity (55.7% identity and 81.71% similarity among the six members) within the region defined by c-JMJD2A (Figure 2) . It is therefore likely that all six family members share a similar, though not identical, three-dimensional structure within this region. It is also expected that all six members may be able to carry out similar reactions or have similar substrates. Functional characterization of other family members, however, has shown that JMJD2A and JMJD2C prefer both H3-K9me3 and H3-K36me3, whereas JMJD2D targets H3-K9me3 and H3-K9me2 (Whetstine et al., 2006) . Furthermore, when an excessive amount of JMJD2A was used in vitro, a weak demethylase activity for H3-K9me2 and H3-K36me2 was detected (Whetstine et al., 2006) . It is assumed that minor changes of the methyl group binding site could lead to changes in methyl group specificity.
After identification of the potential binding site for the lysine residue of the substrate peptide, we sought to identify a possible binding pocket for the target methyl group (or groups). Interestingly, a small pocket formed by residues of b7 and b15 was found near the catalytic center ( Figure 6B ). The residues of b7 (Tyr175, Leu176, and Tyr177; Figure 2 and Figure 6B ) are absolutely conserved within the JMJD2 family, and this conservation extends to other families of proteins (Trewick et al., 2005) . The residues of b15 (Ser288 and Thr289 for JMJD2A, B, and C; Ala291 and Ile292 for JMJD2D, E, and F; Figure 2 ), however, are not conserved even within the JMJD2 family. These data suggest that the residues of b15 may determine the specificity for tri-or dimethyl groups at H3-K9; JMJD2D displays a high level of demethylation activity for H3-K9me2, whereas demethylation of H3-K9me2 by JMJD2A is barely detectable. To address this, a series of double mutants at Ser288 and Thr289 were generated. Interestingly, when Ser288 and Thr289 were mutated to Thr288 and Val289, Asn288 and Val289, or Gly288 and Gly289, none of the double mutants resulted in an active c-JMJD2A (Figures 7E-7G ). However, one double mutant of JMJD2A (Ser288 to Ala and Thr289 to Ile), which resembled the structure of JMJD2D (Figure 2 ), showed high activity for both H3-K9me3 and H3-K9me2 ( Figure 7H ). Surprisingly, this double mutant also exhibited high activity for H3-K36me3 and H3-K36me2 ( Figure 7I ). These results indicate that residues at amino acid positions 288 and 289 of JMJD2A play crucial roles in determining the specificity for different methyl groups. Furthermore, these data also suggest that the inactivity of JMJD2D for both H3-K36me3 and H3-K36me2 is caused by the lack of binding affinity between the H3-K36 peptide and JMJD2D instead of a noncompatible binding pocket for the tri-and dimethyl groups.
JHDM1 is the first JmjC-containing protein that was demonstrated to demethylate a histone peptide. Of particular interest, JHDM1 and JMJD2A could carry out the same reaction, the demethylation of H3-K36me2 to H3-K36me (though JMJD2A is weak). Sequence alignment of c-JMJD2A and the corresponding region of JHDM1, however, did not yield any interesting information regarding substrate specificity. With the exception of the conserved jellyroll domain, there is no significant primary-sequence or secondary-structure similarity between these two proteins. None of the four major portions of c-JMJD2A that form the potential peptide binding site is significantly similar to the corresponding region within JHDM1. However, when we examined the regions that corresponded with the potential methyl group binding site of JMJD2A (b7 and b15), several interesting features were identified. First, the residues of interest from b7 are also absolutely conserved within JHDM1 family. Interestingly, one of the conserved glycine residues is changed (Ala382 instead of a Gly residue) in the area that corresponds to b15 in the JHDM1 homolog from S. pombe, which does not actively demethylate dimethyl groups . It would be interesting to know whether this change is the sole reason for the lack of the activity. It is also possible that this homolog may show activity for other methyl groups. However, it is a mystery why such similar substrates require such dramatically diverse structures within the catalytic cores of the histone demethylase family. This is also true between JMJD2 and JHDM2A, the newly characterized histone demethylase specifically working on H3-K9me2 and H3-K9me (Yamane et al., 2006) .
Conclusion
The crystal structure of c-JMJD2A revealed several unique features of this protein, such as JmjN and JmjC domains, a long b hairpin, a C-terminal domain with a novel fold, and a zinc-finger motif. These features distinguish the JMJD2 family and possibly other JmjC-domain-containing proteins from the rest of the large Fe 2+ -and a-KG-dependent oxygenase family. Through functional characterization, we have identified a potential binding site for the substrate peptides that is located near b5 and b6 (Figure 6 ). Furthermore, the potential binding pocket for the methyl groups of Lys is formed by the residues located in b7 and b15. The specificity of JMJD2 for different methyl groups is defined by just a few amino acid residues, including Ser288 and Thr289. In conclusion, our data reveal that the JMJD2A histone demethylase possesses two specific sites: The first is for peptide substrate binding, whereas the second is for methyl group recognition. Based on these findings, a substrate binding model was generated (Figure 6 ).
EXPERIMENTAL PROCEDURES
Protein Expression, Purification, and Crystallization DNA fragments encoding amino acid residues 1-350 of wild-type human JMJD2A or its mutants ( Figure 2B ) were amplified by PCR and ligated to pGEX-4T-2 (Amersham). The final clones were verified by restriction enzyme digestion and DNA sequencing. The recombinant plasmid containing the c-JMJD2A gene was transformed to Rosetta (DE3) cells (Novagen). The expression of GST-c-JMJD2A was induced by adding IPTG (isopropyl-1-thio-b-D-galactopyranoside) to an 8 liter growing culture (37ºC) at an OD 600 of 0.8. After 4 hr of additional growth, cells were harvested and resuspended in buffer A (20 mM Tris-HCl [pH 7.2], 300 mM NaCl, and 1 mM DTT) supplemented with protease inhibitors (Invitrogen). After cell lysis using a continuousflow French press and a low-speed spin, the soluble fraction was loaded onto GST affinity beads. After intensive washing with buffer A, thrombin was added for a 24 hr incubation. The c-JMJD2A sample was loaded onto a MonoS column (Pharmacia). After elution with a NaCl gradient, the protein was judged to be homogeneous using Coomassie blue-stained SDS-polyacrylamide gels. c-JMJD2A protein was further purified with a Superdex 200 column (Amersham). c-JMJD2A (15 mg/ml) was crystallized by vapor diffusion against 200 mM MgCl 2 , 100 mM Tris (pH 8.5), and 20% PEG8K at 4ºC. For data collection, crystals were gradually transferred to a cryobuffer (reservoir buffer supplemented with 20% glycerol) and flash cooled in liquid N 2 . All data used in structure solution and refinement were collected on beamlines 8.2.1 and 8.2.2 at the Advanced Light Source (Berkeley, CA, USA). Data collection statistics are shown in Table S1 . Data were integrated and scaled with the HKL2000 suite of programs (Otwinowski and Minor, 1997).
Structure Determination and Refinement
One multiwavelength anomalous dispersion (MAD) data set was collected using a selenomethionyl-substituted crystal. Ten Se sites were located and the initial phases were calculated to 2.8 Å with the SOLVE program (Terwilliger and Berendzen, 1999) (Table S1 ). Phases were extended to 2.4 Å and improved with the solvent-flattening and histogram-matching methods using the DM (Cowtan and Main, 1998) and SOLOMON programs (Abrahams and Leslie, 1996) . The initial model was built manually in the program O (Jones et al., 1991) . The model was refined against the data collected from a native crystal to 2.35 Å using the CNS (Brunger et al., 1998) and O programs. The 2-fold NCS restraints were applied during refinement. The final model contains amino acid residues 2-350 of molecule A and residues 10-348 of molecule B. The structure of c-JMJD2A with a-KG was determined by the difference Fourier method and was refined to a resolution of 2.28 Å (Table S1 ). The final model contains residues 2-348 of molecule A and residues 10-346 of molecule B. Model quality was checked with the PROCHECK program (Laskowski et al., 1993) . Structure refinement statistics are shown in Table S1 .
Demethylation Activity Assays Details of the demethylation reactions and detection by MALDI-TOF mass spectrometry are described in Whetstine et al. (2006) . Briefly, purified proteins were incubated with 10 mM of trimethyl H3-K36 or trimethyl H3-K9 peptide in demethylation reaction buffer (20 mM TrisHCl [pH 7.3], 150 mM NaCl, 50 mM (NH 4 ) 2 Fe(SO 4 ) 2 , 1 mM a-ketoglutarate, and 2 mM ascorbic acid) for 3.5 hr at room temperature. Fifteen micrograms of protein was added to the reactions. The 100 ml demethylation reaction mixture was desalted through a C18 Prep-Tip (Harvard Apparatus). The Prep-Tip was activated and equilibrated with five washes of 100 ml of 70% acetonitrile/0.1% trifluoroacetic acid (TFA) and five washes of 0.1% TFA. The demethylation reaction mixture was then loaded onto the activated Prep-Tip and washed with 100 ml of 0.1% TFA (five times). The bound material was then eluted from the Prep-Tip with 10 mg/ml a-cyano-4-hydroxycinnamic acid MALDI matrix in 70% acetonitrile/0.1% TFA. The eluted material was spotted so that the solvent would evaporate and the peptide/matrix could cocrystallize. The samples were analyzed by a Voyager-DE PRO Biospectrometry Workstation MALDI-TOF mass spectrometer (Applied Biosystems) at the UCHSC (Denver). The data were processed by Data Explorer software.
Supplemental Data
Supplemental Data include one table and can be found with this article online at http://www.cell.com/cgi/content/full/125/4/691/DC1/.
